Abstract Renewable polyol is of increasing interest as a building block in biomedical elastomer for bearing biodegradable ester group and immaculate functionality. Derived from non-edible vegetable oil, a new class of elastomer was successfully functionalized with MDI and TDI. Crosslink densities were varied by regulating ratio of hydroxyl to diisocyanate (r) at 1/1.0, 1/1.1, and 1/1.2. Produced elastomers were examined by crosslink density, attenuated total reflectance Fourier transform infrared spectroscopy, differential scanning calorimetry, thermogravimetric analysis, dynamic mechanical analysis, tensile testing, and scanning electron microscopy. The obtained elastomers had subambient glass transition temperature (T g ) suggested majority soft segment that acted as a continuous phase with intermediate phase separation. Medium conversion at gel point had enhanced physical properties. Highly elastic mechanical behavior was afforded from combination of side chains and high molecular weight polyol. At r = 1/1.2, MDI-based elastomer showed twofold improvement in Young modulus at slight expense of elongation. TDI-based elastomer accomplished elongation beyond 162%. Branching allophanate and biuret resisted early thermal breakdown by elevating activation energy. Frequency response and kinetic of thermal degradation provided beneficial perspective for elastomer characterization. The vegetable oil-based polyurethane was found able to resemble most of the physical properties of polycaprolactone (PCL)-derived polyurethane.
Abstract Renewable polyol is of increasing interest as a building block in biomedical elastomer for bearing biodegradable ester group and immaculate functionality.
Derived from non-edible vegetable oil, a new class of elastomer was successfully functionalized with MDI and TDI. Crosslink densities were varied by regulating ratio of hydroxyl to diisocyanate (r) at 1/1.0, 1/1.1, and 1/1.2. Produced elastomers were examined by crosslink density, attenuated total reflectance Fourier transform infrared spectroscopy, differential scanning calorimetry, thermogravimetric analysis, dynamic mechanical analysis, tensile testing, and scanning electron microscopy. The obtained elastomers had subambient glass transition temperature (T g ) suggested majority soft segment that acted as a continuous phase with intermediate phase separation. Medium conversion at gel point had enhanced physical properties. Highly elastic mechanical behavior was afforded from combination of side chains and high molecular weight polyol. At r = 1/1.2, MDI-based elastomer showed twofold improvement in Young modulus at slight expense of elongation. TDI-based elastomer accomplished elongation beyond 162%. Branching allophanate and biuret resisted early thermal breakdown by elevating activation energy. Frequency response and kinetic of thermal degradation provided beneficial perspective for elastomer characterization. The vegetable oil-based polyurethane was found able to resemble most of the physical properties of polycaprolactone (PCL)-derived polyurethane. 
Introduction
Polyurethane represents a group of versatile polymer and conceived wide range of technical applications. Polyurethane ranks fifth in high volume of plastic production after polyethylene, polyvinyl chloride, polypropylene, and polystyrene [1] . Recent impetuses for steady growth of polyurethane market are emerging applications in biomedical field, exceptional performance in automotive industry, and environmental sustainability. Early generation of polyol is strongly connected to the renewable resources [2, 3] . Current generation of polyurethane is prepared from petroleum-based polyol which associated with environmental and sustainability concerns. Raw materials derived from renewable resources are regarded as environmental friendly and sustainable. Vegetable oil, in particular, is a precious starting materials toward valuable products such as high-performance polyurethane besides being relatively inexpensive [4, 5] . Versatility of polyurethane chemistry ( Fig. 1 ) allow balance of hydrophilicity and hydrophobicity on the surface. Polyurethanes elastomers are commonly found inside medical microdevices, scaffolding, and biomedical microelectromechanical system (bioMEMS) as being Reactions between isocyanates and different compounds [2] . The individual schemes are labeled: a exothermic reaction with alcohol which contain hydroxyl group to form urethane, b exothermic reaction between isocyanate and water leads to unstable carbamic acid that produce amine and gaseous carbon dioxide which is convenient for cellular formation, c amine group reacts rapidly with isocyanate to form disubstituted urea, d isocyanate react with carboxylic acid to yield unstable anhydride which stabilize as amide and release carbon dioxide, e above 80°C and under vacuum, a reversible reaction with urethane group leads to allophanate formation, and f above 80°C and under vacuum, a reversible reaction with disubstituted urea to form biuret group biocompatible and inherit relatively lower cost than inorganic materials [6] . Advantages of polyurethane elastomer include higher machinability than glass and having more adhesive property which makes it compatible to be used with many materials. However, it is an inconvenient fact that the petroleum-based elastomer; for instance, polycaprolactone (PCL) typically requires a substantial amount of external plasticizer to acquire good mechanical flexibility, augment crystallinity, and provide some elastomeric mechanical properties [7] [8] [9] [10] [11] . Alternatively long chains of fatty acid found in vegetable oil could be manipulated to produce side chains which then act as intrinsic plasticizer (Fig. 2) . Furthermore, it was found that hydrophilicity, an important key toward biocompatibility and minimizing biofouling, of vegetable oil-based polyurethane could be improved by dictating the hydroxyl number [12] . Hence there are growing interests on understanding the structural properties relationship [13] [14] [15] [16] [17] [18] [19] in renewable polyurethane. Often decent properties for polyurethane are gained when employing medium functionality, between 4.5 to 5.5 OH groups/mol, as it capable to give medium conversion at gel point and pristine crosslink densities [2] . Nevertheless, fabricators pay little attention to the effect of crosslink densities which eventually govern the physical properties of elastomer. One of promising yet underutilized among vegetable oil for commercialization is jatropha oil. Very high and uniform contain of unsaturated fatty acids, specifically as oleic acid and linoleic acid that constituted more than 70% in crude oil [20] , is a characteristic of jatropha oil and vital toward achieving desired functionality and molecular weight between crosslink (M c ). Jatropha oil is known for its inherited toxic ingredients and naturally inedible and hence its price relatively insulated from supply-and-demand surge in food industry [21] . As vegetable oil-based polyol and PCL share similarity in chemical structure that form the repeating unit in polymeric network (Fig. 1) , it is paramount to understand the physical properties of such vegetable oil-based polyurethane. In this paper, vegetable oil-based polyurethanes were prepared by reacting multifunctional jatropha oil-based polyol with two types of aromatic diisocyanates namely dipheylmethane-4,4'-diisocyanate (MDI) and toluene-2,4-diisocyanate (TDI). MDI is highly sought in biomedical applications due it biodegradable characteristic. On the other hand, TDI usually render superior flexibility toward mechanical load. The physical properties of these elastomers were examined on differential scanning calorimeter (DSC), thermogravimetric analysis (TG), and derivative thermogravimetric (DTG), dynamic mechanical analysis (DMA), Instron universal tensile machine, and scanning electron microscopy (SEM). The crosslink densities were varied by regulating ratio of hydroxyl to isocyanates as reflected in the swelling measurement in toluene and extend of reaction 
Experimental Materials
The multifunctional jatropha oil-based polyol used was having hydroxyl number 175 KOH g -1 and functionality 5.1, prepared from crude jatropha curcas oil having iodine value 104.4 g I 2 (100 g -1 ) and functionalized via epoxidation and ring opening [22] . Technical-grade toluene-2,4-diisocyanate (TDI) and dibutyltin dilaurate were supplied by Fluka and used as received. Synthesis grade dipheylmethane-4,4 0 -diisocyanate (MDI) was obtained from Merck and used as received. Silicone-free defoamer Afcona 2020 was acquired from AFCONA Additives and used as received.
Synthesis of jatropha oil-based polyurethane elastomer
Jatropha oil-based polyurethane elastomer was prepared by reacting jatropha oil-based polyol with MDI and TDI. The molar ratios of hydroxyl group (OH) to the isocyanate group (NCO) were 1.0/1.0, 1.0/1.1, and 1.0/1.2 as defined in following equation:
where W polyol is the mass of polyol, EW polyol is the equivalent mass of polyol, W PU is the mass of produced polyurethane, and EW isocyanate is the equivalent mass of isocyanate. The equivalent mass as supplied for TDI and MDI are 87 g mol -1 and 125 g mol -1 , respectively. A calculated amount of diisocyanate and catalyst dibutyltin dilaurate at 0.5 mass% were added into jatropha oil-based polyol in a Teflon container 10 cm 9 10 cm 9 1.5 cm. As this paper is intended to produce polyurethane elastomer, residual water and formic acid might be a concern upon contact with isocyanate, and hence residual gas evacuation from casting was facilitated by the additive defoamer at 1 mass%. The mixture was stirred for 1 min and degassed at 85°C for 30 min. The produced film was immediately post-cured at room temperature for 24 h. Six different formulations were used when producing jatropha oil-based polyurethane to observe the effect of crosslink densities.
Swelling in solvent
Swelling studies on jatropha oil-based polyurethane was determined by using toluene as solvent. Samples mass between 0.2 and 0.6 g was immersed in 50 mL of toluene for 10 days at 25°C. The samples were dried prior to mass measurement. M c was calculated from Flory-Rehner relationship [23] :
where q 2 is the density of polymer and f is the functionality of network. V 1 is the molar volume of solvent and in case of toluene equal to 106.28 cm 3 mol -1 . / 2 is the volume fraction of polymer and calculated as follows:
m 1 is the polymer mass before immersion, m 2 is the polymer mass after swollen in solvent and reach equilibrium, d 1 is the density of solvent, and d 2 is the density of polymer. Meanwhile, polymer-solvent interaction parameter v 12 [24] is determined from following equation:
where b is lattice constant and approximated as 0.34. d 1 is the solubility parameter of solvent while d 2 is solubility parameter of polymer. R and T are universal gas constant and temperature, respectively. As the jatropha oil-based polyol used was ring-opened with majority methanol, v was deliberated as 0.5293 throughout the experiment [25] .
Fourier transform infrared spectroscopy (FTIR) measurement
The FTIR spectra were recorded on Perkin-Elmer Spectrum 2000 spectrometer which collects mid-infrared scattered radiations using a single-beam improved Michelson interferometer with attenuated total reflectance (ATR) accessory which equipped with diamond crystal tip. The spectra were recorded in transmission mode in the range of 4000-500 cm -1 with a nominal resolution of 4 cm -1 .
Differential scanning calorimetry (DSC) measurement
Differential scanning calorimetry (DSC) was carried out on DSC 823e (Mettler-Toledo), equipped with STARe software 9.10, according to ASTM E3418-03 standard practice [26] . The DSC equipped with a refrigerated cooling system and calibrated with indium. Five milligrams of sample was sealed in aluminum 40 lL hermetic pan and heated from 25 to 180°C at heating rate of 10°C min -1 to eliminate thermal history, cooled to -60°C at cooling rate of 5°C min -1 , and heated again to 180°C min -1 at heating rate of 10°C min -1 under nitrogen gas flow rate of 20 mL min -1 .
Thermogravimetric analysis (TG/DTG) measurement
Thermogravimetric analysis (TG) and derivative thermogravimetric (DTG) were carried out on TGA/SDTA 851E (Mettler-Toledo) according to ASTM E1641-99 standard practice [27] . Five milligrams of sample was put on alumina sample holder 70 lL and heated from 30 to 800°C at heating rate of 2.5, 5, 10, 15, and 20°C min -1 under nitrogen gas flow (20 mL min -1 ). Small sample size equilibrated faster with furnace temperature and hence mitigated temperature deviation and noise in the measurement. The TG/DTG curves were analyzed on STARe software version 9.10 Mettler.
Dynamic mechanical analysis (DMA) measurement
Dynamic mechanical analysis (DMA) was carried out on DMA Q800 V20.24 (TA Instruments) according to ASTM D5062-01 standard practice [28] . Instrument calibrations were verified and a series of clamp calibrations were carried out on each day of measurement. A rectangular test specimen (76 by 13 by 1 mm) was clamped in tension mode configuration. In temperature sweep of controlled strain program, specimens were set to -100°C using ''Go To Temperature'' command, re-torqued, and ramped to 140°C at 5°C min -1 at 1 Hz according to standard practice ASTM D5026-01. Small size specimens used in tension mode minimize temperature gradient and allowed higher temperature scanning rate.
Tensile strength measurement
Tensile strength of sample was analyzed using Instron 5567 universal testing machine, equipped with Bluehill version 2.14 software. For each sample, five identical dumbbellshaped samples were prepared by using ASTM D638-03 Type V cutter [29] . The crosshead speed was 1 mm min
with 30 kN load cell. The measurement was carried out at room temperature and 50% relative humidity.
Scanning electron microscope (SEM)
Scanning electron microscopy were carried out using Hitachi S-3400 N at 5 kV with 3009 magnification with all specimens coated with gold to eliminate charging effect.
Results and discussion
Physical properties of polyurethane elastomer
ATR-FTIR of polyurethane
In polymerization process, the isocyanate, which is a strong infrared absorbent, was monitored for degree of polymerization and quality of produced polyurethane [30] . The absorption intensity of the isocyanate group at 2273 cm -1 and hydroxyl group at 3475 cm -1 gradually decreased throughout reaction time and disappeared when reaction time reached 5 h as shown in Fig. 3a . At the end of reaction, four characteristic absorptions of polyurethane were observed as NH group stretching at 3340 cm -1 , urethane carbonyl group C=O at 1740 cm -1 , C-O stretch at 1225 cm -1 and NH group bending at 1538 cm -1 . It is well documented that excess isocyanate and application of catalyst dibutyltin dilaurate would lead to formation of allophanate and biuret [31] [32] [33] . Introduction of excess isocyanate would enhance their formations over the urethane bonds and thermodynamically favorable [34, 35] . This was evident from differences in wet experimental analysis of crosslink densities represented by M c values on Table 1 and discussed detailed in the following section. Typically the formation of these groups is verified using spectroscopy methods. One way is to deconvulate FTIR data into individual contribution. The carbonyl bands of allophanate and biuret groups is known to be between 1460 and 1450 cm -1 , and overlapped with CH 2 bending of polyol. To differentiate the bands, we measured the absorption ratio between 1454 and 930 cm -1 where 930 cm -1 was attributed to ether group [36] . Formation of branching allophanate and biuret groups in the produced polyurethane elastomers were verified via excess FTIR absorption ratio between 1454 and 930 cm -1 , i.e., above 1.4. Ester and ether formations were observed as strong absorption peaks at 1100-1200 cm -1 . Ester group was located along the fatty acid chains, urethane, allophanate, and biuret groups. On the other hand ether group was produced in vicinity of side chain. This ether group specifically was also known as methoxy group and originated from methanol during ring-opening step in producing polyol. Besides, the casting mixtures were solvent free and produced transparent polyurethane sheets that reflected the color of the polyol.
To further investigate phase existed in the elastomers, one need to determine the R C=O index and subsequent degree of phase separation (DPS). Phase separation describes the sharing of hard segment with bounded hydrogen bonds. By using FTIR data from each sample, the carbonyl stretching zone between 1770 and 1640 cm was corrected by subtracting the baseline. Then the multiplet bands were deconvulated (Fig. 3b) using Guassian curve-fitting into individual band by using Origin 8.5.0. This allowed one to calculate R C=O index as [36, 37] :
where A B1 is the surface area of bonded hydrogen bond of carbonyl group of urea (1680-1640 cm -1 ), A B2 is the surface area of bonded hydrogen bond of carbonyl group of urethane (1727-1705 cm -1 ), A F1 is the surface area of unbonded hydrogen bond of carbonyl group of urea (1701-1690 cm -1 ), and A F2 is the surface area of unbonded hydrogen bond of carbonyl group of urethane (1745-1736 cm -1 ). Then the values of DPS can be calculated as:
An appreciable amount of DPS was found in all prepared elastomers (Table 2) . Phase separation phenomena and interpenetration in multi-component polymer are attributed to incompatibility between the soft and hard segments. DPS tended to be disproportionate with increasing crosslink densities. The concentration of hydrogen bonds in elastomers with higher isocyanate index (i.e., MDI (r = 1/1.2) and TDI (r = 1/1.2)) was found to be as much as 30% higher in comparison to elastomers with lower isocyanate index (i.e., MDI (r = 1/1.0) and TDI (r = 1/1.0)). TDI-based elastomer shown little increment due having fewer free hydrogen in single aromatic structure whereas MDI had more free hydrogen in its double aromatic structures.
Crosslink densities
A crosslinked polymer is able to increase its volume by absorbing large amount of solvent without being dissolved as the crosslink sites comprehend the increased intermolecular strands. Crosslink density is defined as 1/(2 M c ) where M c is the number average molecular weight between crosslink. A crosslinked network has nearly infinite molecular weight, and hence M c value is more specific in denoting network properties. A minimal value of M c indicates tighter packing density with fewer polymers per crosslink. As shown in Table 1 , jatropha oil-based polyurethane elastomer at higher isocyanate ratio showed lower M c and hence higher crosslink densities. This is also reported by Dey et al. [38] where lower M c was achieved when more isocyanate incorporated into polymeric network. MDI-based polyurethane had higher crosslink densities than TDI-based polyurethane due to the symmetrical structure and allowed tighter packing organization. Due to the nature of high reactivity of aromatic diisocyanate [31] , excess isocyanates may react with urethane and urea groups to afford branching allophanate and biuret groups, which increased overall crosslink densities [39] . Based on Macosko-Miller polyfunctional equation [40] , conversions in the range from 0.42 to 0.54 as obtained in these experiments (Table 1) were close to midpoint and typically yield polymer with enhanced physical properties [2] .
Glass transition temperature (T g ) by DSC and DMA
The glass transition temperature (T g ) analysis was done using DSC (Fig. 4) and DMA (Fig. 5) . Values of T g observed in both DSC and DMA were comparable and in the range from -55 to -45°C (Table 1) . T g obtained in DSC and DMA were the a-relaxation where phase transition occurred in bulk. It is anticipated that the b-relaxation occurred further down from the DMA measurement range, which was below -100°C. The onset of DSC curves represented T g and increased with increasing crosslink densities. The successive small exothermic peak appeared between -16 and 2°C reflects small amount of rearrangement within network structure and probably originated from the rotational motion of fatty acid [41] . Meanwhile, in the temperature sweep of DMA, the storage modulus (E 0 ) decreased with decreasing crosslink density (Fig. 5a ). The loss modulus (E 00 ) shows peak in the range from -55 to -45°C, and the peak height decrease with decreasing crosslink density (Fig. 5b) . Broader area under the E 00 peak suggests a softer material and wider molecular weight distribution. The TDI-based exhibited longer phase lag than MDI-based attributed by less-ordered packing structure. The difference between T g values obtained from DSC and DMA as shown in Table 1 originated from the choice of frequency employed in DMA measurement. Note that in the measurement range there was no apparent melting point observed in the DSC curves which suggested the samples were thermoset. The majority amorphous domain probably explained why the samples were transparent.
There are two postulates to the subambient T g obtained. First is the application of high molecular weight of multifunctional polyol. Introduction of long-chain polyol reduced the concentration of hard segments like urethane and urea bonds, thus lowering the cohesive interaction between these hard segments and subsequently lowered the T g of network formed. Second as a consequence for significant amount of side chains (Fig. 2) that reduced interchain interaction, minimized crystallization of soft segments, and consequently lowered the tensile strength and modulus. Furthermore MDI-based polyurethane showed higher T g than TDI-based. The latter exhibited a larger range of T g and suggests a wider distribution of crosslink Understanding intrinsic plasticizer in vegetable oil-based polyurethane elastomer as… 925 densities. The symmetrical structure MDI increased the tendency of polyurethane to crystallize and had better packing of rigid segment, hence the enhanced tensile strength and modulus. Fox-Loshaek equation anticipates linear relationship between glass transition of crosslinked polymer (T g ), uncrosslinked polymer (T go ), a constant (k), and crosslink density as follow [13, 42] :
An increase in the molar ratio of isocyanate to hydroxyl had induced the increment of T g values as isocyanate groups were the main constituents of rigid segments. For a lightly crosslinked polymer such as the elastomers produced in this study, it was observed that there was a linear increase of T g with increasing crosslink density (Fig. 6) . The slopes for MDI-and TDI-based polyurethane elastomers were 18.2 and 17.1°C mol kg -1 , respectively. In other word, the T g of MDI-based polyurethane elastomers showed more dependent on crosslink density than TDIbased polyurethane elastomers. This higher sensitivity inherited by MDI-based polyurethane is probably owed to symmetrical structure of MDI that allow better molecular alignment and higher degree of crystallization as value of M c is known sensitive to network imperfection. Further higher isocyanate ratio led to higher concentration of branching allophanate and biuret. This in turn produced elastomer with higher mechanical modulus and improved thermal stability. Due to the nature of high reactivity of aromatic diisocyanate [31] and high temperature reaction, excess isocyanates may reacted with urethane and urea groups to afford branching allophanate and biuret groups (Fig. 1e, f) , which increased overall crosslink densities (Table 1 ). According to Eq. (7), sufficiently very large value of M c would lead decrease value of T g to approach T go . From Fig. 6 , both MDI and TDI-based polyurethanes have T go about -72°C. One way to approach this lower value of T g is by extending the side chain of polyol as demonstrated by Clark AJ and Hoong SS [43] . Note that they employed a high mass percent of tetrahydrofuran (THF) incorporation in the side chain and had obtained T g as low as -76°C.
The effect of these supplementary branching groups probably can be explained from difference found in qualitative approach of frequency response in DMA where E 0 and complex viscosity (g*) change as a function of frequency (Fig. 7) based on Doi-Edwards theory [44] . It is known that the difference found in frequency response arise from the network structure. At very low frequency, MDI-based samples had higher g* than TDI-based which suggests more branching across the polymeric chain. The crossover between the E 0 -g* for MDI-based samples was higher than TDI-based, indicating qualitatively higher molecular weight. Meanwhile, the crossover between the E 0 -g* of TDI-based occur at much higher frequencies which suggest broader molecular weight distribution. Long-branched polymeric chains such as MDI-based (r = 1/1.2) and TDI-based (r = 1/1.2) showed more frequency dependent and reflected in the E 0 curve as reported by Kevin [45] . In retroperspective, higher E 0 in MDI-based also reflect higher ability to store energy.
Tensile stress-strain behavior of polyurethane elastomer As the T g for all jatropha oil-based polyurethane well below the room temperature, they exhibited highly elastic mechanical properties (Fig. 8) . Polyurethane elastomers derived from MDI showed higher tensile strength than TDI ( Table 1 ). The ultimate elongation before break for specimens in Table 1 was up to 131 and 194% for MDI-based and TDI-based, respectively. Very low T g and decent mechanical modulus are sought in producing scaffolding intended for biomedical engineering [46] or in engineering sectors to avoid unanticipated failure. Jatropha oil-based polyurethane showed nonlinear brittle-like tensile stressstrain curve with greater flexibility. It is worthy to note that the produced elastomers had exceeded 100% tensile elongation despite behaving as brittle-like in the tensile stressstrain. It was observed that, under tensile strain, there was little visible necking which showed the complexity of mechanical integrity. It was thought that the available energy storage, contributed by the crosslinked polymeric network and entrapped in the chain entanglement, was able to compensate physical yield in the load direction without appreciable deformation in transverse direction. Other type of vegetable oil such as palm oil had also demonstrated similar mechanical capability as elastomer [43] . The stiff initial response at the beginning of loading is a characteristic of jatropha oil-based polyurethane, corresponding to the cleavage of the hydrogen bonds and other secondary forces in the soft segments [33] . Further the application of aromatic diisocyanate had enhanced the tensile strength. On the other hand, one can increase the elongation at break by employing aliphatic diisocyanate [47] . This, however, may depreciate mechanical modulus of the elastomers.
In an unstrained state, the polymeric chains are highly coiled with random dispersion. As the polyurethane underwent strain, the soft segment disentangled and Fig. 7 Crossovers between storage modulus (E 0 ) and complex viscosity (g*) for MDI-based and TDI-based elastomers at r = 1/1.2 which correspond to relative molecular weight and molecular weight distribution straightened. Additional elongation diminishes the intrinsic cohesive energy and structures of polyol and rigid segments reoriented normal to the applied stress. The orientability depends on the isocyanate ratio as well as the symmetry of isocyanate and confers capability to oppose further elongation. Application of long chain in the soft segment had afforded extensive plastic deformation. One remarkable feature of the produced polyurethane in this paper, which basis of chemical structure akin to PCL (Fig. 2) , was able to show highly elastic mechanical deformation. Typically PCL content in polyurethane deterred this type of mechanical response. Polyurethane elastomers in this study had somewhat opposite mechanical behavior with PCL-derived elastomers [7, 48, 49] , albeit having comparable T g and tensile strength. Polyurethanes network with higher crosslink densities had increased mechanical Young modulus and strength at the expense of elongation. MDI-based elastomers, which had higher T g and lower values of DPS, exhibited approximately twofold increment in tensile modulus and strength and shorter elongation at break. On the other hand, TDI-based elastomers had higher values of DPS, suggesting less hard domain crystallinity and attained outstanding elongation at break. The crosslink sites are analogous to vulcanization and act as strong anchor points to restrain neighboring polymeric chains from slippage during deformation and depend primarily on the polyol characteristic [2] . The majority soft segment comprised ether group where C-O bond is easier to rotate and confer the molecular flexibility. On the other hand, aromatic rings in the hard segment limit molecular flexibility due to crystallization and steric hindrance. The existence of side chains which typically associated with impaired inter-molecular crystallization was found not to be detrimental to the tensile strength. The fractographic examination (Fig. 9 ) using scanning electron microscopy (SEM) revealed that the fracture surfaces were relatively rough and irregular which typically associated with brittle fracture. Appreciable gross deformation such as twisting and tearing became apparent for higher crosslink densities elastomers (Fig. 9c, f) . MDIbased elastomers showed lower degree of tearing and ridges due to higher rigidity of molecular arrangement, while TDI-based elastomers showed more tearing due to greater plastic deformation and appeared clearly with increasing isocyanate ratio.
Thermal properties of polyurethane elastomer

TG and DTG analysis
The produced elastomer demonstrated relatively high thermal stability with onset degradation temperature at 5% mass loss (T 5% ) ranging from 248 to 291°C (Table 3) . MDIbased polyurethanes showed higher onset degradation and more receptive with isocyanate ratio than TDI-based (Fig. 10) . All samples showed increasing onset degradation temperature with increasing crosslink densities (Table 3) . MDI-based elastomer had onset degradation temperature at 2% mass loss (T 2% ) remarkably increased by 49°C for higher crosslink densities MDI-based (r = 1/1.2) against lower crosslink densities MDI-based (r = 1/1.0). This was due to less urethane concentration in the higher crosslink densities samples. MDI-based samples exhibited higher onset temperature than TDI-based due to better contribution of crosslink densities. On the other hand, TDI-based samples exhibited less dependent on isocyanate ratio as illustrated by a small shift in maximum decomposition temperatures. Step 2 374 383 399 392 388 391
Step 3 465 471 476 ---Application of long-chain polyol derived from vegetable oil relinquished inferior thermal stability typically associated with soft segment. Thermal dissociation of allophanate reproduced urethane and isocyanate while dissociation of biuret regenerated disubstituted urea and isocyanate. It was suggested that the branching allophanate and biuret formed in this study was capable to resist initial thermal breakdown. In DTG curves (Fig. 10) , MDI-based samples had three degradation steps while TDI-based had two which agreed to other findings [36, 50, 51] . Table 3 shows the temperature at maximum decomposition rate as obtained in DTG curves. In the first step, low rate of the mass loss was associated with depolymerization including dissociation of branching allophanate and biuret groups. The second and third step involved higher rate of the mass loss with evolution of volatile compounds such as carbon dioxide, carbon monoxide, and nitriles [52] . Initial mass loss is usually began with the decomposition of urethane bond into carbon dioxide and isocyanate components (Eqs. 9-11) [51] . It is known that the main thermal breakdown mechanism of urethane is by scission of polyol-isocyanate bond. At higher temperature, formations of primary and secondary amine occur and associated with isocyanurate rings and carbodiimide linkage [33, 53] . Typically the decomposition of urethane is described as following reactions [33] :
where R 0 is aromatic substituent and R 00 and R¢¢¢ are aliphatic substituent.
The DTG curves were a combination of such individual profile of each component and could be deconvoluted (inset of Fig. 10 ) to separate peak maxima by using Origin 8.5.0. The cumulative fit peak agreed well with DTG curve with coefficient of determination (COD) above 0.99. There are three important findings as illustrated in Table 4 . First MDI-based elastomer showed substantial improvement at higher crosslink densities (r = 1/1.2). The peak area shifted to higher temperature and MDI-based (r = 1/1.2) had more peak area at the third step as indicated by having highest normalized peak area. In other word MDI-based (r = 1/1.2) had enhanced concentration of rigid segment bounded with hydrogen bond and better molecular arrangement as suggested by DPS (Table 2 ). Hence MDIbased exhibited exceptional improvement in physical properties. Secondly, in contrast to MDI-based, there was no appreciable shift of peak area for TDI-based elastomer which suggested that thermal stability of TDI-based was not a strong function of crosslink densities. Thirdly, it is worthy to note that deconvolution of TDI-based elastomers prepared in this paper required three peaks to achieve COD [ 0.99. This was not clearly presented in the original DTG curves. The existence of the third peak for TDI-based was probably owed to functionality and heterogeneity in functional group positions. Understanding intrinsic plasticizer in vegetable oil-based polyurethane elastomer as… 929 Table 4 Deconvolution results of DTG curves of jatropha oil-based polyurethane elastomers
Peak temperature/°C
Step 1  290  299  314  288  293  296 Step 2  373  390  398  391  392  391 Step 
Kinetic of thermal degradation
Via isoconversional method, the temperatures correspond to constant conversion are defined from the resultant mass loss curves. The extent of conversion (a) at a given temperature is defined as:
where m i is the initial mass of step changes, m T is the mass of isoconversion at temperature T, and m f is the final mass of step changes. The rate equation is given by:
where k(T) is rate constant and f(a) is the reaction model. Temperature dependence of Arrhenius expression gives k(T) = A exp(-E a /RT) where A is the pre-exponential factor, E a is the activation energy, R is the universal gas constant, and T is temperature at conversion. E a , A, and reaction order (n) are usually derived in kinetic analysis. The experimental procedures were carried out based on isoconversional at five different heating rates. Then the kinetic parameters were determined by applying Ozawa [54] , Flynn-Wall, and Kissinger [55] methods. Different values of E a at different a verified that jatropha oil-based polyurethane decomposed in multiple steps in Ozawa plot (Fig. 11) .
The decomposition of elastomers in this paper under the given experimental condition can be best described by a model assuming a restricted nucleation growth mechanism such as n-dimensional Avrami-Erofeev solid-state model [54] which integrated ingestion of phantom nuclei and coalescence as summarized in Table 5 . The shape of E a -a curve (Fig. 11) typically reflects the associated kinetic mechanism. At the beginning was diffusion-controlled regime with concave-upward curve and had n less than 1 for a \ 0.1. Diffusion is a rate-limited step governed by transport phenomena which included formation of product at the solid-gas interface. It was perceived at the same a, elastomer (r = 1/1.2) had higher reaction order indicating higher order of chemical cleavage of branching groups along the polymeric network. Diffusion type of thermal degradation, onset degradation temperature, and activation energy for the first step (a = 0.1) were characteristic of thermally unstable urethane, allophanate and biuret groups. A wide region between 0.1 \ a \ 0.6 indicated a gradual transition from diffusion-type to pseudo-type. This transition was evidenced on increasing values of E a and n. Acceleration on E a -a curve typically associated with thermal breakdown along weaker bond and formation of free radical. Higher values of E a beyond the middle step (a [ 0.6) with concave-upward curve were possibly contributed from relatively medium network functionality. Nevertheless, high molecular weight of soft segment had contributed to enhanced E a . Table 5 Kinetic of thermal degradation analysis based on isoconversional method for jatropha oil-based polyurethane elastomers Polyurethane Activation energy (E a )/kJ mol Step 1, a = 0.1 Step 2, a = 0. 6 Step 3, a = 0.9
Step 1, a = 0.1 Step 2, a = 0. 6 Step 3, a = 0.9 Furthermore, the side chains and heterogeneity in polyol structure may introduced steric hindrance and made decomposition processes more difficult. The last degradation step (0.7 \ a \ 0.8) was dominated by second-order reaction and closely related to C-C bond dissociation. Deacceleration of degradation which showed convex-upward at final step (a [ 0.8) was related with char formation. The values of n verified the consecutive nature of degradation of the elastomer. The wide variation of E a is characteristic of complexity for continuous degradation mechanism and summarized in Table 5 . The TG/DTG curves were comparable to soybean, castor [51] and PCL [56] .
Conclusions
A new class of enhanced bio-polyurethane elastomer was successfully developed from medium functionality non-edible vegetable oil-based polyol which both chemical structure and physical properties comparable to PCL-derived polyurethane. Effects of polyol network structure toward polyurethane physical properties at different crosslink densities were characterized by thermal and mechanical analysis. Application of medium functionality and high molecular weight polyol had beneficially revamped the polymer network formation and physical properties. Produced elastomers had highly elastic mechanical behavior and very low T g which was vital to conserve resilience at low temperature or to withstand a high frequency environment. The thermal and mechanical properties demonstrated tunable properties by resolving the crosslink densities. The produced vegetable oil-based polyurethanes were thermally stable and had relatively high onset degradation temperature.
